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Transmission measurements on G ~ * ( M O O ~ ) ~  in the (5-50)-cm-' region were performed with use 
of tunable backward-wave oscillator sources (5-30 cm-'1 and a Fourier spectrometer (30-50 cm-'1. 
The resulting dielectric spectra show an additional low-frequency dispersion which was fitted with a 
standard central-peak model. Its characteristic relaxation frequency is -20 cm-' and the coupling 
between the soft mode and central mode increases near the transition temperature. This model also 
accounts very well for the weak anomaly in the clamped permittivity E, measured at 63 MHz. The 
same central mode was used to fit earlier Raman soft-mode spectra. All of these data were fitted 
with a three-coupled-mode model which revealed that the soft-mode spectrum consists of two 
strongly coupled bare modes: a higher-frequency mode which softens and carries the entire Raman 
strength and a lower-frequency mode which is hard (59 cm-') and Raman inactive. Both of these 
modes are also coupled to the central mode and this coupling increases sharply near the transition. 
The relatively large width of the central mode indicates its intrinsic nature and suggests partial dis- 
order near the transition. 
I. INTRODUCTION 
Gadolinium molybdate Gd2(Mo04)3 (GMO) is the most 
studied improper ferroelectric, with a slightly first-order 
transition at T,, =432 K from the high-temperature non- 
polar phase [space group ~ 3 2 ~ r n  (D& ),z =2] into the im- 
proper ferroelectric and improper ferroelastic low- 
temperature phase [space group Pba2 ( c;, ),z =4]. The 
existence above 640 K of an underdamped soft mode at 
the M point in the Brillouin zone [I;=( +,+,0)] in iso- 
morphous terbium molybdate (TMO), established by in- 
elastic neutron scattering,' gives a strong indication that 
the transition, at least in TMO, is displacive. 
The soft mode fulfills the classical Cochran law 
2 = 1 . 1 ( ~ - ~ ~ )  cm-' above T,, with T,=422 K and a 
temperature-independent damping r = 20k4 cm- '. Ac- 
cording to group-theoretical analysis,' the soft mode is 
doubly degenerate above T,,. Below T,, the degeneracy is 
lifted, and two split, totally symmetric, zone-center, Al  
soft modes are expected in both infrared (2113) and Ra- 
man spectra. Landau-type thermodynamic theory3r4 re- 
quires the frequencies of both soft-mode components 
vsi ( i  = 1,2) and their splitting 8, = v,, - v,, to be propor- 
. - 
tional to the spontaneous value of the order parameter 7, 
to first order in T,, - T below T,, neglecting the discon- 
tinuity of the transition. Thus 
The last proportionality follows from the improper nature 
of the ferroelectric transition. The oscillator strengths of 
both infrared and Raman spectra are similarly given by 
where f I R  and f R  are proportional to the squares of the 
soft-mode effective charge and Raman tensor, respective- 
ly. 
The results of several  ama an,'-'^ infrared:'" and neu- 
tron scattering1 investigations are summarized in Fig. 1. 
One can see that low-temperature Raman measurements 
have revealed two low-frequency doublets (in the 50- and 
80-cm-' regions) which disappear above T,,. Neither 
pair softens sufficiently to fulfill Eq. (1) (see Fig. 11, but 
the damping for each increases nonlinearly for T-+T,,. 
The lower doublet was seen for the first time in far- 
infrared transmission measurements1' and was assigned to 
the soft-mode doublet. The upper doublet is hidden by 
other stronger lines. 
There have been a number of reviews of soft-mode 
behavior in GMO below T,,; the most recent and 
thorough are those by Fleury et a1. 16,18 However, no 
completely satisfactory explanation of the anomalous 
behavior of frequency and damping has emerged. 
A possible explanation could be provided if the ex- 
istence of an additional low-freauencv central mode that . .
is coupled to the higher-frequency modes could be estab- 
lished. However, it is also known from thorough investi- 
gations of the acoustic modes (Yao et a1. l9  and references 
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FIG. 1. Summary of soft-mode behavior in GMO (below T,,) 
and TMO (above T,,). The theoretical curve proportional to 
(P, )'I2 neglects the soft-mode splitting and fits the infrared data 
at 300 K. 
therein; Fleury et a1. 16) that there are marked anomalies 
in the elastic constants at T,,. The most pronounced is 
that in C1l, which shows no dispersion in the region be- 
tween 10'-2 x 10" Hz ( v  < 1 cm-'). Associated with 
this elastic anomaly is an anomalous increase in the 
damping of the corresponding longitudinal acoustic 
modes. These anomalies apparently imply that a large de- 
crease in the soft-mode frequency is required. 
To justify this proposed explanation of the phase transi- 
tion, the central mode must be observed experimentally 
and a theoretical model, that includes this mode, and can 
provide a unified explanation of all existing Raman, in- 
frared, and elastic data needs to be developed. The ex- 
istence of a central peak has now been established by 
transmission measurements in the (3-50)-cm-' region, 
described in the next section, which clearly reveal a weak 
additional dielectric dispersion with all the characteristics 
of a central peak. In addition, a central mode in the 10- 
cm-' re ion was recently observed by Siny and co- t workers' l5 in high-resolution Raman scattering. The 
remainder of this paper is devoted to developing a new 
phenomenological model which provides a unified under- 
standing of existing data and in which the central mode 
plays a crucial role. 
11. EXPERIMENTAL RESULTS 
The transmission measurements were performed on 
samples polished into plane-parallel plate: containing the 
tetragonal c axis with the electric field E) 13. Measure- 
ments in the (3-30)-cm-' region were made with the 
monochromatic backward wave oscillator (BWO) spec- 
trometer 20 at the former Physical Institute, Moscow, and 
in the ( 15-50)-cm- ' region on a Beckman LRlOO Fourier 
lamellar-grating interferometer with a Golay detector at 
the Institute of Physics, Prague. The spectral region 
3-30 cm-' is covered by five BWO's, each of which is 
continuously tuned by an applied dc voltage which can 
vary the radiation frequency by a factor of up to two. In 
this way a high-power (1-10 mW) and highly mono- 
chromatic (Av/v- source is obtained which permits 
very precise measurements in the (3-30)-cm-' region. 
For the measurements with the BWO spectrometer, we 
used a plate 3.1 1 mm thick and about 2 cm2 in area. For 
the measurements with the LR100, we divided this sample 
further into three plates, 0.55 mm thick after polishing, 
and prepared a mosaic of them. The resulting transmit- 
tance spectra at 300 K are shown in Fig. 2. Also shown is 
the low-frequency spectrum at 422 K near T,,, where the 
sample is most opaque. More detailed transmittance data 
in the narrow spectral region 19-22 cm-' indicated in 
Fig. 2, where the effects of temperature are greatest, are 
shown in Fig. 3; these are actual spectra taken with one 
specific BWO. 
In most cases, pronounced multiple-reflection interfer- 
ence spectra are seen. Then, the transmittance measure- 
ments alone are sufficient for the evaluation of both of the 
optical constants, n and k (the complex index of refrac- 
tion is n * = n - ik), and finally of the complex dielectric 
function E* =E' -iP ( ~ ' = n  2- k2, E" = 2nk). The values 
of the refractive index n (vm ) at the interference maxima, 
vm , are obtained from 
GMO 
ia- sample thckness 3 11 mm 
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FIG. 2. Transmittance spectra of GMO: an illustration. 
5174 J. PETZELT et al. 
O' 18 
I 1 I I 
20 21 22 
Frequency (cril ) 
FIG. 3. Transmittance spectra using one BWO: measured 
output from the spectrometer. 
where d is the sample thickness. Then the absorption in- 
dex k (v,) for k <<n can be calculated iteratively from 
the approximate equation for the transmittance, 
where the absorption coefficient is a =4avk and the nor- 
mal bulk reflectivity is 
When the condition k <<n is not satisfied, it is better to 
determine both optical constants iteratively from Y(v1 us- 
ing the rigorous formulaZ0 
where 
and (7) 
In the few cases where no interference peaks are seen, 
independent measurements of the phase spectrum @(v) of 
the transmitted wave were performed using a two-beam 
Mach-Zehnder (Rozhdestvensky) polarizing interferome- 
ter. The increase A1 of the optical path due to the pres- 
ence of the sample, which is measured using the compen- 
sation method, is 
where 
Frequency ( c d )  
FIG. 4. Dielectric-loss spectra of GMO. 
The optical constants are then calculated directly from 
Eqs. (6)  and (9) independently for each v. 
The results for the imaginary part of the permittivity 
et'(v) are shown in Fig. 4. We omitted data in the (3-5)- 
cm-' region because these were influenced by an instru- 
mental error due to finite sample size. The real part of 
the permittivity e' equals 8.7 and is independent of fre- 
quency for v < 30 cm-' at 300 K. Interferometric mea- 
surements of Wv, T )  permitted a determination of the rel- 
ative variation of E'( T )  with a precision of + With 
increasing temperature, E' increases by -0.1 and, near 
T,,, a distinct downward step of about 0.05 is observed. 
This step appears sharper the lower the frequency used, 
but its total magnitude is frequency independent for 
v<30 cm-'. An even more pronounced and sharper 
downward step is observed in the et'(T) curves at T,,. 
The magnitude of this step increases as v decreases, as is 
shown in Fig. 5. 
To check the anomaly in e' more closely, we performed 
clamped permittivity measurements at 63 MHz. A model 
B801 Wayne-Kerr V.H.F. admittance bridge was provided 
with a pair of flat, sandwich-like, rugged, stainless-steel 
leads, pointing upwards and connecting directly to the 
bridge terminals with the sample in a bottom-loaded 
variable-temperature chamber. The measuring signal was 
modulated by a 1223-Hz square wave and the audio- 
frequency detector was a Keithley model 192 DMM. The 
samples were circular slabs, 8 mm in diameter and -0.1 
mm in thickness in a direction perpendicular to the c axis. 
Evaporated aluminum electrodes were used. The varia- 
tion of sample dimensions with temperature was taken 
FIG. 5. Temperature dependence of the dielectric losses for 
several fixed frequencies. 
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FIG. 6. Temperature dependence of the clamped permittivity 
E, at 63 MHz; 9 V/cm (circles). Calculated values according to 
Eq. (20) (squares). 
into account using the thermal-expansion data published 
by ~ u m m i n s . ~ '  The resulting temperature dependence of 
ec is shown in Fig. 6. Although the samples were prob- 
ably multidomain, the close similarity between €,(TI at 
5 cm-' and at 63 MHz suggests that the dispersion due to 
domain walls is of minor importance above 63 MHz. The 
absolute error of E, due to the uncertainty in determining 
the sample geometry and stray capacitance effects, as well 
as the reproducibility with different samples, did not 
exceed 1- 1.3%. This error, however, does not influence 
the shape of the anomaly near T,. 
A. Infrared spectra 
Earlier infrared measurements" above 20 cm-' were 
taken only up to 350 K. A comparison of those taken at 
300 K with the present data, shown in Fig. 4, shows good 
agreement. However, the present data have a lower back- 
ground absorption. In Fig. 4 the peak in E"(Y) can be seen 
to remain at finite frequency (-30 cm-') as T,, is ap- 
proached. The theoretical dependence of Y, on T, derived 
from Eq. (I), is shown in Fig. 1 together with various ex- 
perimental data. There is a clear disagreement, in that the 
theoretical results show too large a softening. However, 
Figs. 4 and 5 show that at low frequencies E"(Y) increases 
markedly as T,, is approached. This is clear evidence for 
additional low-frequency absorption. This can be made 
more visible by plotting the spectral function or dynami- 
cal structure factor, S (v)  a TE"(v)/v rather than E"( Y ). 
I I 
0 10 20 30 40 50 
Frequency (cm-') 
FIG. 7. TE"(v)/v spectra showing the central mode behavior 
together with their fit using Eq. (11) with parameters listed in 
Table I. 
This quantity, which is proportional to the Raman 
scattering intensity, is shown in Fig. 7. Clear central-peak 
behavior is seen near but below T,,. Above Ttr, a qualita- 
tively similar but weaker central peak remains. 
Neglecting the soft-mode splitting, we attempted to fit 
the spectra in Fig. 7 to the response of an oscillator cou- 
pled to a Debye relaxation, a model which is frequently 
used for the description of central-peak behavior.22 This 
response is given by 
where fIR, YR, and r are the oscillator strength, eigenfre- 
quency, and damping of the bare soft-mode oscillator, 
respectively, and S is the real coupling constant for cou- 
pling between the oscillator and the Debye relaxation with 
a bare relaxation frequency (21r~)-'. 
The structure factor is then given by 
The additional constant a in Eq. (1  1) accounts for a back- coupling to the soft-mode whose oscillator strength is f IR. 
ground absorption due to all higher-frequency oscillators. It is obvious that it would be meaningless to fit each mea- 
The frequency YIR represents the mean frequency of the sured spectrum to Eq. (1 l), allowing all six parameters to 
bare soft-mode doublet. This model assumes that the os- vary independently. Thus their number was reduced by 
cillator strength of the bare relaxation (i.e., central mode) several physically reasonable assumptions. First, we as- 
is zero. Thus, the central mode appears only through its sumed that the strength fIR( T) is proportional to P, [Eq. 
5176 J. PETZELT et al. - 30 
TABLE I. Parameters of the infrared fit shown in Fig. 7 using Eq. ( 1  1). 
Y R  I- ~ I R  ( 2 ~ 7 ) - '  8 ~ I R  
T ( K )  (cm-') (cm-' ( ~ r n - ~ )  (cm-' ) (cm-') a (cm-' ) 
(2)] as required by thermodynamic theory (the P, data Tf =435 K is caused by a coupling between the soft mode 
were taken from work by ~umrnins~ ' ) .  Second, we as- and the central mode which increases nonlinearly with 
sumed the bare frequency Y$ to be given by temperature close to T,,. 
where TIR is a parameter whose only constraint is that it 
be compatible with our fit to the Raman data, to be 
described later. Third, we assumed T to be temperature 
independent. The fourth and final condition, required of 
any reasonable fit, involves the critical temperature Ti ,  at 
which the low-temperature phase becomes absolutely un- 
stable. Ti should lie very close to but above T,, to be 
compatible with static experiments and with acoustic 
data. The latter show no dispersion up to about 20 GHz, 
which implies that the piezoelectric coupling does not in- 
fluence Tf , in agreement with the fact that the corre- 
sponding piezoelectric constant d3i must go to zero at 
Ti .  To demonstrate that our model predicts an instability 
at Ti ,  the temperature dependence of the inverse soft- 
mode static susceptibility should be calculated. This 
quantity is proportional to the square of the effective 
soft-mode frequency, 
0 2 - 2  2 IR-YIR-6 (13) 
which is probed by experiments at Y <<aIR [see Eq. (lo)]. 
We have shown in the fitting of the infrared data to this 
model that an a$ that goes to zero just above T,, is in 
fact obtained. The resulting fitted spectra are shown in 
Fig. 7. While the fits appear worse at the high-frequency 
end, this discrepancy is of little importance since the ex- 
perimental accuracy is lower in this region due to the lim- 
itations of the Fourier-transform technique. We also in- 
cluded in the fitting the multiphonon spectrum above T,, 
at 458 K. The resulting parameters have no clear physical 
meaning but provide a means for estimating this back- 
ground absorption. 
The fitted parameters at each temperature, together 
with the effective frequency a IR ,  are shown in Table I. 
The bare soft-mode frequency is given by Eq. (12) with 
AIR =6.9 cm2 K-' and TIR (which is the instability tem- 
perature in the absence of the central mode) is approxi- 
mately 550 K. The fit is not very sensitive to the central- 
peak relaxation frequency (2n-r)-': Any value between 20 
and 25 cm-' is satisfactory. However, our subsequent fit 
to the Raman data requires that ( 2 ~ r ) - '  not be greater 
than 20 cm-'. The most important result is the marked 
increase of 6 near T,,. All fits with a temperature- 
independent S failed, because S = 27 cm- ' in order to 
bring Tf close to T,,, and this is much too high to fit the 
low-temperature spectra. Thus one can see that the shift 
of the instability temperature TIR=550 K down to 
B. Raman spectra 
As a basis for the Raman fit, we used data taken ear- 
lier.I2 They were taken in the x (zzly geometry where 
both anomalous modes in the 40- and 80-cm-' regions are 
1 
0 20 43 60 80 100 
Frequency ( cm') 
FIG. 8. Some of the x(zz)y Raman soft-mode spectra and 
their fit using Eq. (14) with parameters listed in Table 11. The 
crosses represent the experimental data, full lines are the 
theoretical fit. 
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the strongest. Some of the spectra are shown in Fig. 8. 
The anomalous behavior of both modes as functions of 
both temperature and uniaxial stress was reported in Ref. 
12 and in earlier references quoted therein. No theoretical 
fit was attempted in this early work because there was no 
evidence of the existence of a central mode and the soft- 
mode behavior was not understood. However, some basic 
facts, already alluded to, were established; both modes 
split into doublets at low temperature and both disappear 
above T,,. Therefore, each mode belongs to a doubly de- 
generate M-point mode of TI  symmetry in the parent 
phase. Since this is also the symmetry of the order pa- 
rameter, it would appear that one of the doublets has to be 
the soft-mode doublet (according to group theory: we can 
expect six external mode doublets of T1 symmetry to ap- 
pear in both infrared and Raman spectra below T,,). 
Obviously, the upper and lower Raman doublets are 
strongly coupled and a definite intensity transfer from the 
lower-frequency doublet Q2 to the higher frequency doub- 
let Ql can be seen as T decreases. This led us to the as- 
sumption that, far below T,,, the Ql  doublet represents 
predominantly the soft-mode doublet which has greater 
strength, while close to T,, both modes become involved 
in the phase transition. Therefore, to analyze the Raman 
spectra properly, we have to consider both doublets and 
the central mode Q3. Fortunately, we can safely neglect 
the lower-frequency components of each doublet since 
they are much weaker and are not resolved above 300 K. 
Thus we are left with a three coupled-mode problem for 
which the susceptibility is given by 
Here vi, ~ i ,  and ri are the eigenfrequency, Raman tensor, and damping, respectively, of the mode Qi, and 6jj is the cou- 
pling constant between the modes Qi and Qj. The Stokes Raman spectrum is then given by 
where again the constant base line b accounts for all higher-frequency modes. 
In general, the coupling constants Sjj can be complex; however, we are seeking the simplest possible description of our 
system: Specifically, we wish to isolate, in a physically meaningful way, the basic temperature dependences that drive 
the transition. If this can be achieved using real ah's, then these are the most convenient. 
An initial trial and error fit using formulas (14) and (15) showed that the best fit could be obtained by taking e2=0, 
8i2- 1750 ~ m - ~ ,  and v2=59 cm-', independent ,of temperature. The first condition means that the strength of the 
whole spectrum below 90 cm-I is determined by the Ql mode alone, which is also the only temperature-dependent 
mode. In this situation, Eq. (14) reduces to 
x(v)= fR[(d-d+ivr2)(v3+iv)-at31 
x ((~-d+iv~~)[(~-?+iv~2)(v3+iv)-8~]-8~2(v3+iv)-8~3(~-?+iv~2)+2~12813823]-1 , (16) 
where 
the Raman strength fR =el, and v3=(2rr)- '  is the central-mode relaxation frequency. r3 is the overcritical damping of 
the central mode, which is equal to the reciprocal kinetic coefficient and is generally assumed to be temperature indepen- 
dent in the mean field approximation. In our fit we assumed that v3=20 cm-' and is independent of T. This is con- 
sistent with our infrared data, but we also found that the Raman data were much more sensitive to the value of v3 for 
v3 > 20 cm-' and it is therefore effectively fixed by the Raman fits. The coupling constants to the central peak SI3 and 
623 have to fulfill the requirement that the system becomes unstable at Tf =435 K, as was the case for the infrared 
response. Therefore we also examined the behavior of the effective soft-mode frequency probed by low-frequency experi- 
ments, such as Brillouin scattering, or ultrasonic propagation. For our model, this frequency aR is given by 
2 
2 - f~ v:viv3-~:~i3-~~8?3-~3812 +2812813823 a,=-- 
X(0) - v;v3 - $3 (17) 
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TABLE 11. Parameters of the Raman fit (see Fig. 8) using Eqs. (14) and (15). The following 
parameters are temperature independent: vz=59 cm-', v3=20 cm-', e2=0, SI2=1750 cm-', 
S13= -50 ~m-~'', 
and is required to vanish at -435 K. 
Our initial trial-and-error parameters were refined by 
least-squares fitting. Our aim was to find a monotonic 
and physically acceptable temperature variation of all pa- 
rameters. This was achieved by assuming both damping 
constants rl,r2 to vary linearly with T above -100 K 
but their T dependence has to level off at low tempera- 
tures to values essentially unchanged from the low- 
temperature values determined in our initial trial fit. The 
resultant values of T2 are rather small, whereas rl reaches 
20 cm-' at T,,, which is also the value of damping found 
for the soft mode above T, from neutron scattering data.' 
The coupling aI3 between the Ql  mode and central mode 
appears to be roughly T independent and of opposite sign 
to and/or tiz3 SO that the term 2812813823 in Eq. (16) is 
negative (and definitely nonzero). As might be expected, 
only spectra at temperatures above 300 K are sensitive to 
the central-mode parameters and couplings SI3 and 823. 
Therefore we somewhat arbitrarily assumed 8'3 and 823 to 
be T independent below 300 K. Close to T,,, however, 
the fit is very sensitive to S13 and and good results 
were obtained only by assuming 823 to increase nonlinear- 
ly as T approaches T,. If 823 was fixed at a value suffi- 
ciently large to cause SZR to vanish at Tf , the central peak 
would be much too strong at lower temperatures, destroy- 
ing all agreement between theory and experiment in the 
low-frequency spectral region. 
It is interesting to note in this context that the roles of 
8'3 and 823 are not interchangeable. Increasing 6'3 results 
in a strong increase of the central peak, whereas increas- 
ing 823 (in such a way as to produce the same SZR) results 
only in a weak central peak. This asymmetry is caused by 
the fact that the bare Q2 mode in our model has zero Ra- 
man strength, so that increasing its coupling to the central 
peak can produce instability while only weakly enhancing 
the central peak. This does not contradict the require- 
ment that the integral over the whole spectrum, which is 
proportional to X(O), must diverge at Tf if fR remains 
finite. In the case when 623 dominates, the divergence is 
simply much weaker than in the case when 6'3 dominates. 
The resulting fitted parameters are shown in Table I1 
and some of the fitted spectra in Fig. 8. The spectra be- 
tween 28 and 25 1 K were fitted in the region 40-90 cm-' 
and the additional weak peaks near 45, 80, and 90 cm-' 
were neglected during the fit. The spectra from 298 to 
431 K were fitted in the (20-80)-cm-' region. The weak 
scatter in the Raman strength fR is most probably caused 
by fluctuations in the laser power, which was not stabi- 
lized during the experiment (performed in 1976). 
Theoretically, one would expect this parameter to follow 
P,( T) [see Eq. (211 which would imply a decrease by a fac- 
tor of 4 between 298 K and T,, which is somewhat more 
than what is observed. 
The quality of the fits is satisfactory, except at the 
high-frequency ends, where obviously other modes are 
present. The only slight systematic deviation outside the 
limits of experimental error seems to occur in the region 
of the deep minimum at -60 cm-' between both peaks. 
Also at higher temperatures the overall quality of the fit 
is slightly worse. 
IV. DISCUSSION 
Let us first compare the results of the infrared and Ra- 
man fits. First, it is to be stressed that the basic differ- 
ence between the infrared and Raman models is only due 
to the different spectral and temperature regions involved 
in the fit. In Fig. 9 the squares of all relevant frequencies 
are plotted against temperature. The observed Raman fre- 
quency v- is slightly higher than that of the correspond- 
ing infrared peak because in Raman scattering we see (for 
T>300 K) only the higher-frequency component of the 
doublet, whereas in the infrared both components occur 
with comparable strengths but cannot be resolved above 
room temperature. The Ql  mode was not seen in our in- 
frared transmission experiment17 because the absorption 
above 70 cm-' was too great. From Fig. 9 we see that the 
dependence of v: on T is almost linear above -200 K, 
reaching instability (vl=O) at -850 K. This would be 
the transition temperature if no coupling with Q2 and the 
30 
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FIG. 9. Temperature dependence of the squares of various FIG. 10. Temperature dependence of the damping of the 
mode frequencies. v+ and v- are the experimental Raman peak bare modes. The meaning of the symbols is explained in the 
positions; the meaning of other symbols is explained in the text. text. 
central mode were present. While the bare frequencies vl 
and v2 cross just below T,,, the coupling S12 between both 
modes is very strong so that the observed Raman frequen- 
cies are strongly repelled from one another. This mode 
repulsion, due to the magnitude of 6'2, is present, though 
less marked, at all temperatures. Also, the fact that both 
peaks are of comparable strength has the same origin. 
The temperature dependence of the squares of the soft- 
mode frequencies and is strongly nonlinear, lead- 
ing to instability just above T,,. This means that the criti- 
cal exponent y for the static susceptibility, which is pro- 
portional to is greater than 1. (It should be stressed 
that, theoretically, the temperature dependence of aIR and 
nR must be the same, even if their magnitudes are 
markedly different due to the different models used.) 
This is apparently not a symptom of critical behavior. 
Similar deviations are seen in measurements of P,, shear 
strain, birefringence?l and in the Bragg intensities of su- 
perlattice reflections determined by elastic neutron scatter- 
ing,' all of which should be proportional to 775 but show 
obvious nonlinearity. This behavior was fully explained 
by using the classical thermodynamical theory including 
sixth-order terms in the free-energy expansion. ' We have 
not tried to fit the behavior of a-'(T) by thermodynamic 
theory, because the accuracy of our data close to T,, is in- 
sufficient. However, an easier check on the internal con- 
sistency of our results could be provided by comparison 
with the observed anomaly in the elastic constant Cl l  and 
in the clamped permittivity E,. This is discussed later. 
In Fig. 10 the temperature dependence of the damping 
constants is shown. 'As discussed earlier, the Raman line 
dampings are not the result of unconstrained least-squares 
fitting. The fact that the infrared damping nearly coin- 
cides with rl is presumably accidental because the bare 
infrared soft mode is not identical to the Ql  Raman 
mode. 
In Fig. 11 the temperature dependence of the coupling 
constants between the soft modes and the central peak is 
shown. Our best fit was obtained with S13 temperature in- 
dependent, while 823 and 6 from infrared data show simi- 
lar pronounced increases near T,,. This means that a 
nonlinear increase in the coupling between the bare 
Raman-inactive hard mode at 59 cm-' and the central 
FIG. 11. Temperature dependence of the coupling between 
the soft and central mode. The coupling constant SI3 
= - 50 ~ m - ' ' ~  is temperature independent. The meaning of the 
symbols is explained in the text. 
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peak is the main cause for the occurrence of a phase tran- 
sition as T,, is approached from below. The other two 
subsidiary causes are the temperature dependence of vl 
and the strong (temperature-independent) coupling be- 
tween the Ql  and Q2 modes. 
Thus the following picture of the dynamical origin of 
the phase transition in GMO emerges: As T,, is ap- 
proached from below, the Raman-active bare mode Ql is 
temperature dependent and softens to zero at a tempera- 
ture -850 K. This mode is strongly coupled to a 
Raman-inactive hard mode at 59 cm-'. This coupling 
decreases the critical temperature to -550 K and, near 
T,,, the new soft mode consists of an equal admixture of 
both Ql and Qz displacements. Both components are 
coupled to the central mode Q3, but the coupling to the 
Q2 mode dominates near T,,. This further reduces the in- 
stability temperature to T,' =435 K and the ultimate soft 
mode consists of a mixture of all the coordinates, Ql,  Q2, 
and Q3, which interacts with totally symmetric acoustic 
modes. This last coupling produces partial softening of 
the corresponding elastic constants, but the coupling con- 
stant decreases to zero at TL due to symmetry, since 
above T,, the soft modes go to the M point. Thus this 
coupling does not influence the final instability tempera- 
ture. 
An important check on the internal consistency of our 
results, as was alluded to previously, as well as a further 
test of our model, is to attempt to explain quantitatively 
the anomaly in CI1(T). Accordin to the detailed ther- 
modynamic analysis by Yao et a1Jg and Fleury et al.," 
below T,, this elastic constant is given by 
Here cY1 is the elastic constant in the parent phase or, 
more accurately, the value obtained by linear extrapola- 
tion from high temperature to T,,. B depends both on the 
coupling between the order parameter and the strain and 
on the phase of the complex order parameter; it is as- 
sumed to be temperature independent. f l  is the effective 
soft-mode frequency probed by acoustic experiments and 
is identical to f l I R  and f l R  because the acoustic frequen- 
cies are much lower than the central-mode relaxation fre- 
quency, v3. Equation (18) has been simplified to include 
only one soft mode because the splitting is negligible 
above 300 K. In Fig. 12 we show the experimental curve 
for Ct1(T) measured by ~ o c h l i , ' ~  together with the 
anomalies predicted by our analysis of the infrared and 
Raman data. Again, it was assumed that n,( T) a P,.~' 
Both curves from our analysis were adjusted to fit the 
acoustic anomaly at 298 K. One can see that the agree- 
ment with the infrared and Raman data is satisfactory. 
Essentially, both predicted curves show clearly the pro- 
nounced decrease of Cll  near T,,. Examination of Eq. 
(18) shows clearly the basic origin of the anomaly: Both 
f l I R  and f l R  decrease faster than P, close to T,,. This 
enhanced softening is produced by the sharp increase in 
coupling between the Q2 mode and the central mode. If 
one replaces the frequency f l R  by the directly observed 
Raman frequency v - ,  as was frequently done in the past, 
FIG. 12. Temperature dependence of the C11 elastic anoma- 
ly. Curve A is after the ultrasonic data of Hochli (Ref. 23); 
curves R and IR are results derived from our Raman and in- 
frared data, respectively. The dashed-dotted curve is calculated 
with the observed Raman soft-mode frequency v- .  All curves 
are normalized to fit the ultrasonic value at  300 K. 
a qualitative disagreement with the acoustic experiment is 
observed (see the dashed-dotted line in Fig. 12.). The 
slight difference in the rates at which nIR and f l R  soften, 
which produces the difference between the IR and R lines 
in Fig. 12, is within the limit of uncertainty of our fits. In 
this context, one should also bear in mind that cY1 and B 
can be slightly temperature dependent and that the rela- 
tion P, cc is only strictly valid close to T,,. Thus the 
use of Eq. (18) over a temperature range of 135 K is of 
questionable validity. 
Our model can also be used to estimate the acoustic- 
mode damping which is known from Brillouin scatter- 
ing16 and ultrasonic a t t en~a t ion . ' ~>~~  However, an accu- 
rate calculation near T,, requires a knowledge of the en- 
tire soft branches in 2 space, including the central-peak 
dispersion. Therefore we have not attempted to calculate 
this effect, but we observe that approximate calculations 
by others24925 of the ultrasonic attenuations for longitudi- 
nal waves propagating along x and y crystallo&aphic 
directions lead to large differences in estimated central- 
mode widths (i.e., the dressed relaxation frequency). 
Courdille et ~ 1 . ~ ~  obtained only 0.8 cm-' for TMO at 413 
K, whereas Esayan et ~ 1 . ' ~  derived 5.3 cm-' for GMO at 
the same temperature. The latter is much closer to our re- 
sult (-8 cm-'; see Figs. 7 and 8). 
Another important test of our model is the anomaly in 
the clamped permittivity shown in Fig. 6. Equation (10) 
gives the contribution of the soft and central modes to the 
clamped static permittivity in a simple form 
The total clamped permittivity is given by 
CENTRAL-PEAK-SOFT-MODE COUPLING IN FERROELECTRIC Gd2(MoO4I3 
where E ,  is the contribution of all higher-frequency 
modes. In Fig. 6 the values of E,  following from the 
dielectric fit in Table I are shown under the assumption 
that E ,  is independent of temperature and E, fits the ex- 
perimental value at 294 K. The agreement is very good 
and, below T,,, completely within the limits of error of 
our fit. This anomaly is so weak (- 1-2 %) and easily 
obscured that earlier data26 apparently did not reveal its 
presence. The slight disagreement above T,, is probably 
caused by a weak temperature dependence of E , .  
Our model predicts weak central-peak singularities at 
T,, in both dielectric loss E" and light scattering spectra. 
Our experimental data on E" clearly show that the former 
singularity exists. With regard to the latter, the situation 
is ambiguous. In earlier ~ o r k ' ~ " ~  this singularity was ob- 
served, in good quantitative agreement with our model, in 
contrast with more recent workt6 which reports no such 
behavior. However, Fig. 2 of Ref. 16, which shows the 
low-frequency part of x (zz)y Raman spectra in TMO, 
seems to be in qualitative agreement with our model. 
Also our model is in qualitative agreement with inelastic 
neutron scattering data on TMO,' which show an incom- 
pletely resolved central peak below T,,. In addition, neu- 
tron scattering data1 also show the appearance of a hard 
T1-symmetry mode at the M point at -62 cm-' (7.7 
meV) above T,,. This frequency is slightly higher than 
our bare v2 frequency below T,,. This can be understood 
as the result of coupling with the soft mode which, above 
T,,, lies at a much lower frequency. It is thus natural to 
connect this mode to the hard v2 doublet below T,,. 
Finally the important question arises as to the micro- 
scopic origin of the central mode. First, we notice that 
the central-mode width found in GMO is the highest ever 
observed. This argues for its intrinsic nature, rather than 
for the influence of defects. Moreover, there is no evi- 
dence that the central-mode spectra are strongly depen- 
dent on the sample quality. Among intrinsic central- 
mode mechanisms, that based on weak anharmonic cou- 
pling to phonon-density  fluctuation^^^ predicts a decrease 
of the coupling constants to zero at T,,. It cannot there- 
fore explain the increase of coupling near T,,. This ar- 
gues in favor of those mechanisms based on strong anhar- 
monicity and probably for a partial disorder near T,,. It 
is also worth noting that there is good evidence for the ex- 
istence of central peaks in the (1-10)-cm-' region from 
dielectric measurements on several displacive proper fer- 
roelectrics: e.g., BaTi03, KNb03, LiTa03, L i m o 3 ,  and 
s~sI .~ '  However, this evidence is so far mostly qualita- 
tive so that no quantitative comparison with our results is 
possible. Our results differ strongly from those obtained 
by light and neutron scattering studies on other systems: 
e.g., SrTi03, Pb3Ge3011, KH2P04, and B ~ M ~ F ~ , ~ ~ ~ ~ ~ ~ ~ ~  
These generally show much narrower central peaks, with 
widths of the order of 1 cm-' or less, which appear to be 
markedly influenced by defects. 
V. CONCLUSIONS 
In this work, we have found from dielectric measure- 
ments in the (5-50)-cm-l region direct evidence for the 
existence of an overdamped central mode in GMO with a 
bare relaxation frequency near 20 cm-'. The softening of 
the infrared-active soft mode is weak, but its coupling to 
the central mode increases close to T,,, producing insta- 
bility just above T,,. This behavior accounts well for the 
weak anomaly in the clamped permittivity and was con- 
firmed independently and made more precise by a new 
and comprehensive analysis of earlier Raman scattering 
data which invokes coupling of Raman modes to the cen- 
tral mode. It was found that two underdamped doublets 
are involved in the transition. These are strongly coupled 
both to one another and to the overdamped central mode. 
Neglecting the doublet nature of these modes, a three- 
coupled-mode analysis has shown that the bare modes 
have the following basic features: The highest mode car- 
ries the entire Raman strength and softens (roughly classi- 
cally). It is strongly coupled to a Raman-inactive hard 
mode at 59 cm-' and to a central mode with a relaxation 
frequency of 20 cm-'. Both coupling constants are tem- 
perature independent. The lower-frequency hard mode is 
also coupled to the central mode, but with increasing cou- 
pling constant close to T,,. Whereas the parameters of 
both underdamped modes are reliably established from 
the fit between 28 K and T,,, the parameters of the cen- 
tral peak, including its coupling to both underdamped 
modes, can only be reliably determined above 300 K. 
In this way, we have developed a phenomenological 
model of the dynamical behavior of GMO in the fer- 
roelectric phase whose predictions appear to be in satisfac- 
tory agreement with reported experimental data. The 
central-mode width in GMO is higher than that found for 
any other crystal showing a structural phase transition. 
We believe this feature to indicate the intrinsic nature of 
the central mode and the presence of partial disorder near 
Ttr . 
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